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individuals to recognise each
other’s rank, and that of their eggs
too. Alphas can readily distinguish
their eggs from those laid by
subordinates, but is discrimination
mediated by comparison to
a learned template or by
self-reference to the individual
phenotype? Either option is
feasible, but new research into
mechanisms of kin discrimination
has presented compelling
evidence for a peripheral
recognition system enabling rapid
discrimination, without the
involvement of the brain. Ozaki
et al. [14] found a specialised
sensillum on carpenter ant
antennae which only responded to
non-nestmates. Individual sensilla
were habituated to an individual’s
own odour and only generated
a neuronal response in the
presence of non-nestmate CHCs.
The authors suggest that additional
sensilla might be specialised in
other social insect chemosensory
roles. This brings a new
perspective to the ‘template’
hypotheses discussed earlier,
because here is a mechanism that
requires no ‘learning’ in the usual
sense, but readily compares a test
odour with the sampler’s current
CHC phenotype. It is tempting to
speculate that a P. dominulus
alpha could become habituated to
her own odour and thus only detect
eggs laid by subordinates,
because they differ from her own
alpha CHC profile.
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R549Calcium Signaling: Pyruvate and
CRAC Meet at the Crossroads
Receptor-evoked Ca2+ influx is mediated by store-operated Ca2+
channels, such as the CRAC channel, which mediates the Icrac current.
Recent work reveals that pyruvate, the precursor substrate for the Krebs
cycle, regulates Icrac to prolong Ca
2+ influx into the cell, thereby coupling
oxidation of glucose and its own metabolism in the mitochondria to Ca2+
influx by the CRAC channel.
Shmuel Muallem
The metabolic flow of cellular
energy involves the glycolytic
oxidation of glucose to generate
pyruvate, which is either
metabolized to lactate during
anaerobic respiration or is
metabolized in mitochondria to
acetyl-CoA, which is used in the
Krebs cycle to generate ATP and
many metabolic intermediates.
Pyruvate is therefore at the
crossroads of cellular metabolism
as an oxidative fuel and as
a precursor for other fuels and
metabolites.
Several key glycolytic and
Krebs-cycle enzymes that
generate and consume pyruvate
are regulated by cytosolic Ca2+
[1,2]. The receptor-evoked
cytosolic Ca2+ signal involves Ca2+
release from intracellular stores,
followed by activation of
store-operated Ca2+ influx
channels (SOCs) at the plasma
membrane. A well-characterized
SOC is the Ca2+ release-activated
Ca2+ (CRAC) channel that mediates
the CRAC current Icrac [3]. SOCs
and Icrac are activated by the
release of Ca2+ stored in
a subcompartment of theendoplasmic reticulum (ER) that
expresses the ER Ca2+ sensor
STIM1 [4,5]. Ca2+ influx by Icrac and
SOCs is critical for maintaining the
receptor-generated Ca2+ signal
over time and as such mediates
virtually all regulatory functions
of Ca2+ [3]. Thus, Ca2+ influx by
SOCs and Icrac is at the crossroads
of the receptor-evoked Ca2+
signal.
In a recent issue of Current
Biology, Bakowski and Parekh [6]
report evidence of communication
between cellular metabolism and
Ca2+ signaling, by showing that
pyruvate directly regulates the
native Icrac. The CRAC channel is
subject to regulation by Ca2+, as
Ca2+ entering the cells through
CRAC feeds back to inhibit further
Ca2+ influx through the channel
[3]. Two forms of Ca2+-dependent
inactivation of Icrac have been
described — a slow inactivation
that takes place over many
seconds, and a fast inactivation
that occurs within a few
milliseconds of Ca2+ entry [3,7–9].
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Figure 1. Regulation of the CRAC channel by Ca2+.
Receptor-evoked Ca2+ release from the endoplasmic reticulum (ER) through IP3 recep-
tors (IP3Rs) leads to association of the Ca
2+ sensor STIM1 with the CRAC channel and
its activation (mechanism 1, blue). Ca2+ release from the ER together with Ca2+ entering
the cell through the CRAC channel activate a yet-to-be characterized Ca2+-dependent
mechanism(s) that mediates the slow Ca2+-dependent inactivation of Icrac (mechanism
2, orange). This mode of inactivation is reduced by Ca2+ uptake into the mitochondria.
Ca2+ entering the cell through the CRAC channel feeds back to cause fast inactivation
of the CRAC channel, probably by inhibiting the channel pore (mechanism 3, red). The
fast Ca2+-dependent inactivation is reduced by pyruvate acting directly on the CRAC
channel. The combined action of the mitochondria and of pyruvate prolongs Ca2+ in-
flux through CRAC and Ca2+ uptake into the mitochondria to fuel the Krebs cycle.
Hence, pyruvate couples oxidation of glucose and its metabolism in the mitochondria
to Ca2+ influx by the CRAC channel.The slow Ca2+-dependent
inactivation is reduced by Ca2+
uptake into energized
mitochondria that buffer
cytoplasmic Ca2+ [10]. Regulation
of Icrac by the mitochondria allows
activation of Icrac by inositol
triphosphate (IP3)-mediated Ca
2+
release from stores at
physiological cytoplasmic Ca2+
buffering power and in the
presence of active SERCA pumps
[11]. Fast Ca2+-dependent
inactivation of Icrac is believed to
reflect a direct effect of the entering
Ca2+ on the Icrac pore, while the
slow Ca2+-dependent inactivation
is likely to be caused by an indirect
mechanism, via Ca2+-mediated
activation of another pathway that
acts on Icrac [3]. The fast and
slow modes of Ca2+-dependent
inactivation of Icrac and their
modulation by the mitochondria
and pyruvate are illustrated in
Figure 1.
The fast Ca2+-dependent
inactivation of Icrac follows two
exponential time courses, with time
constants of about 10 and 100
milliseconds. The fast inactivation
is reduced by the Ca2+ bufferEGTA and more so by the faster
Ca2+ buffer BAPTA, which
indicates that fast inactivation
occurs within a few nanometers
of the channel pore [3,7–9].
Bakowski and Parekh [6] now
show that pyruvate regulates the
gating of the native Icrac by
reducing the extent of fast
Ca2+-dependent inactivation.
Importantly, the effect of pyruvate
is not mediated by increased
mitochondrial metabolism,
increased ATP or increased
cytoplasmic Ca2+ buffering.
Rather, it appears that pyruvate
directly regulates Icrac by reducing
the inhibitory effect of Ca2+ at
the channel microdomain or the
channel pore.
Regulation of the CRAC channel
by the intermediate metabolite
pyruvate further couples Ca2+
signaling to cellular energy
metabolism and is likely to impact
many physiological processes.
The extent of Ca2+ influx by SOCs
regulates the frequency and
amplitude of Ca2+ oscillations, as
it is required to sustain the Ca2+
signal by refilling the store during
and after termination of Ca2+signaling [3]. It follows that
enhancement of Ca2+ influx by
pyruvate should impact all the
Ca2+-regulated cellular processes.
Furthermore, enhancement of
Ca2+ influx by SOCs should result
in an enhanced Ca2+ uptake by the
mitochondria, and consequently
increased decarboxylation of
pyruvate to acetyl-CoA and, in
turn, increased glucose oxidation
and ATP production. Increased
pyruvate metabolism in the
mitochondria is also essential for
the use of pyruvate for fatty-acid
synthesis in the fed state and for
gluconeogenesis in the starved
state.
The findings of Bakowski and
Parekh [6] also raise several
questions: do glycolytic
intermediates other than pyruvate
regulate Icrac? Can pyruvate
concentration be high enough next
to the plasma membrane to
appreciably regulate Icrac? How
does pyruvate regulate Icrac and
how is this related to the activity
of the Orai family of ion channels?
Several recent findings suggest
how some of these questions may
be approached. Bakowski and
Parekh [6] show that the
Krebs-cycle metabolites citrate,
succinate, oxaloacetate and
a-ketoglutarate have no effect on
Icrac. On the other hand, the CRAC
channel is likely to be exposed
to the various glycolytic
intermediates. It would be
interesting to determine their
effect on Icrac activity and on the
inhibition of Icrac by Ca
2+. In
particular, it should be informative
to compare the effect of pyruvate,
phosphoenolpyruvate and lactate
on fast Ca2+-dependent inhibition
of Icrac. The phosphate group in
phosphoenolpyruvate may
make it more effective than
pyruvate in the regulation of CRAC.
Lactate is generated by anaerobic
respiration and may compete with
pyruvate or enhance Ca2+-
dependent inactivation of Icrac. In
such a case, lactate could reduce
Ca2+ influx by Icrac, Ca
2+ uptake and
energization of the mitochondria
and could channel glucose
oxidation towards anaerobic
respiration in conditions of
oxidative stress.
Bakowski and Parekh [6] also
address the question of whether
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under normal physiological
conditions. They show a strong
effect at estimated 1 mM pyruvate,
which is close to the physiological
range of the bulk cytoplasmic
pyruvate concentration that can
vary between 0.2 and 0.5 mM [12].
The effect of pyruvate might be
even more significant since
pyruvate concentration next to
the plasma membrane and Icrac is
likely to be significantly higher than
the bulk cytoplasmic
concentration. Accumulating
evidence suggests that glycolytic
complexes are enriched at plasma
membrane microdomains
(modeled in Figure 1). Glycolytic
enzymes bind to the anion
exchanger AE1 at the plasma
membrane of red blood cells [13]
and to actin in the Z-line of
muscle cells [14] to generate high
glucose oxidation microdomains.
Recently, it was shown that
glycolytic enzymes bind to
caveolin and are concentrated in
caveolae in lymphocytes and
smooth muscle cells [15]. In
several cells SOC channels have
been localized to caveolae [16].
This would allow exposure of Icrac
to a high concentration of
pyruvate at the plasma membrane
microdomain that is enriched
with glycolytic enzymes to
maximize the regulatory effect of
pyruvate and perhaps other
glycolytic intermediates. Indeed,
Bakowski and Parekh [6] show
that increasing pyruvate
concentration up to 5 mM
markedly increases inhibition of
fast Ca2+-dependent inactivation
of Icrac.
What can be the mechanism by
which pyruvate regulates Icrac?
This relates to the question of the
molecular identity of the native
CRAC channel and its regulation by
Ca2+. The discovery of STIM1 [4,5]
and the Orai family of ion channels
and the initial characterization of
Orai1 function suggested that
Orai1 is Icrac [17]. Subsequent
work, however, reveals several
differences between each of the
Orai channels and native Icrac.
Thus, the properties of
Ca2+-dependent slow and fast
inactivation [18,19], the
permeability to monovalent ions,
the activation kinetic in responseto store depletion and response to
2-aminoethoxydiphenylborate
(2-APB) [18] are specific for each
of the three Orai channels and, to
some extent, are different from
those of the native Icrac. It is thus
possible that the native CRAC
channel is a heteromultimer
composed of more than one Orai
channel. Indeed, the Orai
channels can form functional
heteromultimers [18,19] and the
heteromultimerization affects
slow Ca2+-dependent inactivation
[19]. Of particular significance to
gating of Icrac by pyruvate is the
recent report in Current Biology by
Lis et al. [18] of a distinct fast
Ca2+-dependent inactivation of
the Orai isoforms: Orai1 and Orai2
have low to moderate fast
Ca2+-dependent inactivation,
whereas Orai3 has strong fast
Ca2+-dependent inactivation. It
would be informative to
determine which of the Orai
channels is regulated by pyruvate
and how the regulation of these
channels compares with the
regulation of the native Icrac by
pyruvate. This analysis may not
only reveal the mechanism of
fast Ca2+-dependent inactivation
of Icrac and its regulation by
pyruvate, but also shed light
on the contribution of each
of the Orai channels to native
Icrac.
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